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I NTROI)L("TT ON

ih t:. r o I'!: tllC . S ruc !tr,1. mInd :h-1chjr, i.r , Iluor dn;iC

i I ... ci t i wil .p( tod I-ro VC ' : Uc S f. hif0 n

,::' itUdL- \ i",' v i w ,ii rm 'i_ l':T particlli, ri: applie:s to

* irt or i Ji . .f'. , nii, raih,~.v ein<L' -rd coamehes, motor .-ehicles,

5rd~s cii~ ti-.,::.:,c.<.. ion c.mhIl 3, et~C.

l.Oiio r *,, i 7 iC .C f<r te r t'utio ii Ii all )w-

*blt stres sco, ,w :k' tr for various static properties such

asvi~ld stren.-t:i, ultipat, stremth, c t. In those loadings hc

Sequence or varLn-r 4,. : ilagnitudes occurs lor0 rel-s in a random

manne r.

The pred: c ion ,f fati.:u( ,oncorno with the osi-ination of t-,

time length that a material can serve the iimtended sisin functions

when su'iicted to varying stress conditions. DuL to --he various pos-

sible stress patterns, it does not appear that fati,,ue life results

can be compiled for complex stress patterns similar to that accumulated

for pure sinosoidal stre histories. This ,ives an indication that

for complex stress histories a certain amount of analrsi.; must be rc-

*orted to in order to overcor::e the expected deficiency in test data

directly relating to particular hi;tories.

In laboratories it is a standard practice to test the specimens

at constant load amplitudes and obtain a S-N curve. In the actual

situations the load of each part critical in fatigue varies a great



deal. To desigi thlIt. p-Ir: which re) the W eKviCt2 103d uc! ning thle S-N

curve an equation wa>, proposed bx' P:c]m6 'a: and was Later r,_,propu ,d by

Miner (1). These are various otih-r :ethods proposed, suld a, Grover's

theory (2), Marco Starkev' a hcorv (3), Shanlt-v' theory (4), Corttn

Dolan' s thcrv (3), Fruudenthal-i,le1r theory (), ,tc., but none of

these, can, be rclied on to, predict ft.tigue life with any accuracy ar

most of the commonly uncouiitcred circumstinces. The Miners theory

which is most coma.only used in majority of the applications does r

depend (n thQ previous history )f the material or its behavior in multi-

l,'el Ioadin.

Based on the-4 rd io:r researchers' experimental and the*-

retical investiga tions and his own, Kramer (7,S) concluded that when

subjected to stress-cyclic process, rhc w:ork hardening of metal is

confined to primarily the surface W ,v-r, b'ith the increase in numoer

cf cycles and the stress am:plitudes there is an increase in the surface

layer stress. As the fatigue damage accumulates the surface layer

stress reaches a critical value and a fatigue propagation cr.ck is

formed independent of the stress amplitude leading to fatigue failure.

He proposed that cumulative fatigue damage and cumulative fatigue life

can b described in terms of rate of increase in the strength of the

surface layer with the number of cycles. Since the critical s-urface

stress is constant for a particular metal it is only needed to de-

termine the contribution to the surface stress by cycling at an applied

stress for a given number of cycles and sum up the contributions until

--------------------------------- j
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wih n tans that whun-, t ll ulu Ialt iv Ifatigue a:~. foc allI

sta s teqtlal tic iaillure will occuui.

Adetailed dlevelopment of the equation is sonin. Appendix D.



iN;STALLAT:0N .'ND QLIR JNu AiY ICi1

Lh2C Iiroc t. ~:~~ DS- aQC and DS- uCh0t !!L"

ire d,.sic.!1d frr < i: in tcn<sicn nll/oI --:.prc-soI up0( V')U6

and oOOO poundJs of F tetl lead, eus Ci 1,: 4 v ah:~an

s~u2n : i~ue I isecuippd';i

one horse ow'ur %-.3riable 1ce dl r , c oW s... 21 th, a

cvcltc (2aunter, ana a varialhV- eccoi., crank Lind Ollv

Th dnaic oain .'S tern includo d,- fr:: ind tU'~ lo

Cne e-nd oil the load lon'rr i:7 pivztL I p; nol f ic. V

assembly ,which crea.,tcs a strli ht i Lii", '1 ]Ca d St,

ndth;2 other ond is attached -k the v \ar milt t~cin-- c cc ~at

)'u t n the 10 ad f~ruit an i a t h, hyar au lic 1oad :a7:iL1L

s-.st -' nd hlvdraul; icyclinder. The uoc lc'16ta is attaLched' tC-

t'i h (droul ic c'.rninler. The load maiiuta-nr systcm. includes loadJ

ser sin. contact units mounted en tLhe 'ase on i hrSide of the le-ad

lvor and a s;olid state electronic c-entrel syste:m. in the Control

cabinot. The Dunipin:; unit consist: or, ta-,c conitinuousir running

pis ton pumps im-mersed in oil and driven bN- a:n eccentric en a. Cs1;ij

phase constant speed motor. Each p)ump has a relief, ch~ ck, and ba ck

pressure valve controlled b%, a solenoid which is activated by tho

Load sensing units. These contact units will prevent the maxiimum lead



Ie~r J cre ,-in.;. Whn-1 Lh L I -1)

will .!ctiv:it, tlh z Proper seI lni! j 1
0

0ilT11 -

pum2p and send prre or ure to the -e 'if t1', e''o si

rec~uired to Increase or deoc- Lh, 1 od. 1I0t L 1 "

vilii s 1 wstop thec macaine L f te V r 1c o 1

..1r aO kr op thc load f 0 PP. 0 ( ,ppn ap ci"

A t i c c cc ~ra'mn :-( -id ~.i~.e

LC 1O Cud i'' l1.i11 I -, thO &'rI C,- i1 :

C1%1Ieczt t din: at

F,) c-,1 ib r a tn il Lo rLr a ir tc ir t he 1 "IJ - t ds -

connmc ted f'.thc .-anable ccnr cralll. -' cad t D'n~i

,ippl-;ed -it th(0 frtue end of tim. ar d . m 0110 t Ie s!:rain indicoosir

LS adjioS td to reeld the load irteI. Ad di-LtJ1o ns LItd of. n

pounds, res-pectLivelyI, are applied to check the crillr2tiol.

Once calibrated, tho miachine is capable cf rPerftrming five

different types of lo:Idin-,: 'zorc to tenision,' 'zero occrsln

"tension to tension," "cOMressicor to comreorssion," and(C "e n s ion to

coimipress ion.

The cyclic load is applied by changing-, the throw on the variable

eccentric from zero throw through the rotation of the eccentric usinoz

the manually wrenched pinnion drive. This change in the throw of thie



<ceit.i wJ 2 i c J:1cin At<Io u.radsedfcT.o

wil *O rafl:2Ii*CA 35 _j(1 & uC L :rL'2 1Xt;t

F,) an,., g'.'e t- s t t tn 1U rcct c c r:±n-K n.'i t1':CcuL

he s lme c~ c v c 17 oil st o f 11, .. 1

canl.Ji tico nrequire1, i ::i-n I -,d asn' tlt to t,432

eUe _si4 7'she UP in(; DOT. n~< O cnir-Icbnt

cgCc 10 lad arnd oi:ean toad .r nft : .1,' t1t :'2 toa,' r

testinz.



CHAPTER. II

SPECIMEN PREPYdATIO

Thwt atigue sV,'Cimhcf 0051i, fY ta in'.:; tiOlt< i§ .. ,A7f.

in Fijiurc Th, thraJed -i:- of th s i, wcr, adr ln, nwu,"'

to accC'M-,.Jat 1,_cknu to avoid slack-ni: at tho ;rips. ->

ftsr heldin; tIe Ch, custom ,.ine(. iLI ua

th.r ratio of tim ;.lg -ec t :on of the .,< icmen w,: e.:-a.:; .:1 ta

i%,-id bucklii,' dIuring comprcssion.

Af ter c lirs fully machirsing the spec iL;tO, r .

specifications, the gauge section was pr ,lishmd with grade t)O0 and

WO0 silicon carbide papers to reduce the tcal irrz: and other surfa.CL

irre-gularities. This was followed A alectrool ishing to obtain ir

even surface finish.

The electropolishing device desi ned for polishing the specinc

is shown in Figures 3, 4, and 5. The spocimon itself is the anode

and is rotated by a motor at a predetermined speed. The cathode con-

si: ts of a 25-gauge stainless steel sheet bent cylindric.lly to main-

tain uniform distance be tween the anode and cathode. The stainless

steel sheet is placed in a glass container filled with electrolyte

which is a mixture of methanol, butyl collosolve, and perchloric acid.

A magnetic stirrer was used to stir the electrolyte to maintain uni-

form strength throughout the electrolyte. The glass container was



m rsain an ic, Lot ic ailLu-in tin: tc::)LeratUtc. of the- Ulect-ra-

ly-te .tt 15 0 C. A !icviailcd pjrocci r tfr lee tropolis hing4 the(tu~s21

is show-n in Apendix H.



CHAPTER III

EXPERIMENTAL PROCEDURE

After dictra)polishing, hespucit~ien %-;j: cararLlfy e:zarn iud

under a microscope for circu::&rential tool m-irks and stress risers.

? he specimen was then placed In the m'nachine grips by' positioning t-

upper load screw bya muaas of the ni!, toan either sidc. of the pi.st-,sn.

Tlcn, by changin.g the varible ecoantric crank the required load

range was. abtinci. -aen based an the- stress ratio condi ti~n for

tha MEs, the muan laski was s3t. To> testn6 for each specimen was

Jionc in fo)ur di.ff:7r.L tae. For thc- first stage throug h the third

-, scthe lad. eo and the nmbner of cycles applicd at Th!at par' iclar

1 Ad wspredteLr!--ine d. Ia the last (fourth) stage after setting thfe

loid the ttwi.; allowcd to continue until the specimen failed.

Ue ech e)f the three dirrerent stress ratios, i.e., R-l, R=-6.5,

301 R=O, tests were conducted with fo ur different stra>, ,s sequ'encezs:

K ) high to low ;niess sequence, NOi high to law mixed

(iii) low to hi. ! s;tress sequence, andi (i%-) low t )hi,;h mixed stress

s eq uen ce.

Figure 9 (Apptndix A) shows3 the stas oclin,_ to obtain v inous

values of R.

1MM



CHAPTER IV

ANALYSIS OF DATA

To calculate the slope and the intercept on the verticail axis,

a Latistical method was used with the S-N curve line equaticn Deing

log = M.(logN) + logC.

X--log N Y--log XY X

1 3.61278 4.62557 16.71117 13.05213

2 3.90309 4.56591 17.82116 15.23411

3 4.05090 -4.53865 18.28132 16.45844

4 4.31175 4.50623 19.42974 18.59119

5 4.63144 4.46015 20.65692 21.45020

6 4.3609, -4.42911 21.52964 23.62874

7 4.91169 4.37791 21.50294 24.12470

8 5.16732 4.34502 22.45211 26.70120

9 5.48855 4.-28212 23.50263 30.1241.3

n = 9 CX = 40.94446 CY = 40.13067 LXY = ISI.88763 £X- = 189.36494

Therefore, slope (m) = 2 X. y

n.EX 2 _ (- :) 2

(9) (1888763) - (40.94446) (40,13067)
= (9) (189.36494) - (40.94446)"

-0.2206

9
and intercept (logC) = Y.c X - X.cXY

2 2
n.E:X - (X)

(40.13067) (189.36494) - (40°94446) (181388763)

(9) (189.36494) - (40.94446) 2

5.4625

10



Calculation of !aterial constints p and

1 1-- 4. 5 3
P M -0.220i

-l 4. 473 2,
and ilog C)P (- 5.4625) 5.7745 1 (

Calculation of fatigue damage using Kramer'5 equation under

ccmpletely reversed stress conditions where in the first three staguL

of the testing the following maximum stress number of cycles were

used: JI  25000 Psi, N = 20000 cycles

30000 Psi, N, = $000 cycles

_ 35000 Psi, N, = 4000 cycles.

In the final stage, maximum stress of 4,000 Psi was applied and

the test was allowed to run until tha specimen failed. The speci-en

failed after 2400 cycles (the calculations shown hero are for speci:-.en

2 in the low to high stress sequence).
N~ 4.531Nl~ 1 (23000) (25116) 4 " 3

Damage in the first stage = f 1 ( 2,
1 (5.7745) (10)

= 0.305

Pf
Damage in the second stage = f = N _

72

(8000) (30090)
4 -53 3 1/25116\ (4.533) (0.305)

(5.7745) 0 2 4  (30090/

= 0.216

Pf Pf f,

Damage in the third stage = f3 = )3 (\J)

3 2/

4000 x (35063) 4 4533 x 0.216 135116 \ 4,533 x 0.216 x 0.305
400035063563) 30090

5.7743 x 1024 \350- 3--0

0.226.
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P Pf 3 Pf~f,? Pf3 f 2f I

N. 4~ 2 1
Damage in the fourth stage = f - ) +) (4)

4 '3

2400 x (39789) 4 .5 33  35063 1.024 30090 0.221 25116 0.067 C

1024 39789 35063 0090

Therefore, cumulative fatigue damage Dl. = fI + f' + fj + f4

= 0.305 + U.216 + 0.226 + 0.247

= 0.994.

Prediction of Fatigue Life:

The following calculation shows the prediction of the number of

cycles required to cause failure in the last (fourth) stage:

f.4 = DF - (fI + f2 + f3) = - (0.305 + 0.21t + 0.226)

= 1 - 747 = 0.253.

Pf f f, Pf f f
P Pf3 P3f2 3f2f1

f 4 =  
( -4 1 31

0.253 = N4 (1.0303 x 10
- 4)

No. of cycles to failure N = 2456 cycles.

K4



CIHAPTER V

DISCUSSION OF RESULTS

The fatigue strength v,rsus fati-ue life (S-N) curves plotted for

Lhe stress ratios of -1, -0.5, and 0, using the test data shown in

Tables 1, 2, and 3, are shown in Figure 6. A statistical method was

,sed as shown in the analysis to determin- zhe slopes of the curves.

The constant life diagram shown in Figure obws mtained using the S-N

curves.

Tables 4-7 shone the cumulative fatigue data for the completely

reversed stress conditions, R=-l. Table 4 shows the data for the low-

high stress sequence. For the specimens 1-6 the stress in the first

stage was 25 Ksi for 20000 cycles, 30 Ksi in the second stage for 000

cycles, 35 Ksi for 4000 cycles in the third, and stressed until failure

of the specimens at -0 Ksi. For specimens 7-9 the stress sequence was

25 Ksi for 30000 cycles, 30 Ksi for 10000 cycles, 35 Ksi for 3000

cycles, and 40 Ksi until fAilure took place. For specimens 10-12, the

stress pattern was 25 Ksi for 25000 cycles, 30 Ksi for 10000 cycles,

35 Ksi for 5000 cycles, and finally in the last stage 40 Ksi until

failure took place.

For specimens 13-15, the low to high stress sequence was 20 Ksi

for 35000 cycles, 25 Ksi for 30000 cycles, 30 Ksi for 15000 cycles, and

stressed at 35 K ;i in the last stage until the specimens failed.

13
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in the low-hi~h stress pattern, for all the specimens, it was

observed that there was a close agruencnt between tht experimental

and theoretical fatigue life values in the final (fourth) stage.

Table 5 shows the data for the low-high mixed stress sequence.

For the specimens 1-6 the stress applied was 25 Ksi for 20000 cycles,

increased to 35 Ksi for 4000 cycles, reduced to 30 Ksi for 000

cycles, and finally stressed at 40 Ksi until failure took place.

Similarly for specimens 7-9, it was 25 Ksi for 3000 cycles,

35 Ksi for 3000 cycles, 30 Ksi for 10000 cycles, and 40 Kni until the

specimen failed. For specimens 10-12, it was 25 Ksi for 25000 cycles,

35 Ksi for 5000 cycles, 30 Ksi for i000 cycles, and 40 Ksi until

failure took place.

For specimens 13-15, the stress pattern was 20 Ksi for 35000

cycles, 30 Ksi for 15000 cycles, 25 Ksi for 25000 cycles, and stressed

at 35 Ksi in the fourth stage until failure took place. The specimens

16-18 were subjected to a stress sequence of 20 Ksi for 40000 cycles,

30 Ksi for 16000 cycles, 25 Ksi for 20000 cycles, and 35 Ksi in the

last stage until failure took place.

For the low-high mixed stress sequence it was observed that

there was a close agreement between the experimental and theoretical

values of fatigue life in the fourth stage.

Table 6 shows the data for the high-low stress sequence. For

specimens 1-6 a stress of 40 Ksi was applied for 1500 cycles in the

first stage. Then the stress was decreased to 35 Ksi for 4000 cycles,



1;

.nd in Lhe third strage it -as furth<,r reduced to 1-0 Ksi for 6000 yccl,:..

In the last sta the specimens were stresjcd ulntil failure at 25 ,si.

For specimens 7-) the ;tress sequcnce was 40 Ksi f r 2500 cycles, 33

Ksi for 6000 cyclcs, 30 Ksi for 15000 cycles, and finally 15 Ksi until

failure took place. For specim: ens L;-12, the stress sequence was 40

Ksi for 3000 cycles, 35 Ksi for 500C cVciCs, 30 Ksi for 2(000 cyci.h<,

and 25 Ksi until failure took place.

For specimens 13-15, in the first stage of testin 4 a str.ess of

35 Ksi was applied for 5000 cvclcs. In the second stags it ws 30 Ksi

for 12000 cycles, the third stage 25 Ks" for 25000 cycles, and in the

last stage at 20 Ksi they were stressed until failure. Likewise, for

specimens 16-16 the seOUencin4 was 35 Ksi for 4000 cyc'":s, 30 Ksi o:r

15000 cycles, 25 Ksi for 30000 cvclss, and in the last stage 20 Ksi

and were stre.ssed until failure.

For all the sn -cimens it was observed that by testing at a high

stress initially and then gradually reducing the stress in eac stlge,

there was an incrtase in the fatigue life. It was also observed _hat

the fatigue life, when stressed at 25 Ksi after initially stressing at

40 Ksi, 35 Ksi, and 30 Ksi, was about six times higher than the theo-

retical life at that stress.

fable 7 shows the data for the high-low mixed stress sequence.

In the high-low mixed stress sequence the specimens 1-6 were subjected

to a stress of 40 Ksi for 1500 cycles in the first stage. In the seccnd

stage the stress was reduced to 30 Ksi for 8000 cycles and in the third

stage the stress was increased to 35 Ksi for 4000 cycles before finally

L .. . . T" I I II I ' I " I l - 1



applI%.inIIg a st ro ) f 2'5 Ksi wh~rc ',h s peciMen1S wcre rc zs,-d izitf 1

filture took p),ice2.

For spec imn.n _-9 the e tres sjeni; ,;;T .K~i f:or 350C

yle.30 Ksi Lor 0000 vces 3_" l\:; Y -c SC cok, n

until failure a)f --he specimens r':ck p1 icc . F (4 OC 'rlS -2i

was- 4+0 Ksi for 3000 cycle;:, 30 :\',3- for 11000 xccs 35 Ksi for '(U0

codles, and in the liet s tag e _f Ks i ii-iti1 -fAlure tcjk place.

For spteci:-.inz:- !7-15 I difl,:rt i,* mc a fixed stes cquenc-

wais usz>3. T.11 L h1 firstste tho !iaximum s taSs -_as 7 5 Ksi. for 5005,

c%-ceS :and in thc- second stl-e it -was c crcas -d ta 2, iKsi f.or15C

crc;.In the third stage th stress Was increased to "0 Ksi for

30000 cy cles, a7-d in the last .3tage the stress was reduced tu :0 Kzsi

and thc specimuns eestes.-ed until failure to~ok place.

Ag-ain, tor i!L rhiu I'p,-:imens tested under high-low., 7nixeestese

senquenca, it ,.as observed that '-he fatiouc lif(- values ebtained exp~ri-

m-entally were mucai higher than thes,:e ohta ined theoretical lv.

From the 1 s6 and 7 it can he st- n thit ser ial'fr

all the specimens I-1 for the high- ew s s nco and 5500115( u

7-15l for the highilo 1 -a' \d stress setllencL t ilur-1 should ha-ve

occurred in the _,1' rd t l~e it SCl f.

Tables 16-19 th I cuCmulative fat ' uc damiage and thec t,,,i

number of cycles ot'ifled theoretically usin, the !Kramler equan-r anow

also experimentally. From that, it can be- observed that for the " w

hi.,h and low-high -mixtel stresis sequencesi the predicted fatigue life

a-nd the experimevntail faitigue life are in ccmplete ag reemenit, whcr(eas
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for the high-low and high-low mixed stress sequences the predicted

fatigue life is very conservative when compared to the exp(er 4 me,-.t.!

values.

Tables 8-11 show the data for thc cumulative fatizue for the

stress ration of R=-0.5. Table S shows th da ta for hiih-low stress

sequenca. In this sequence, for specinens I and ' the maximum

stress applied was 10 Ksi for 4000 cycles in the first stage. In

the second stage stress was 33 Ksi for n0UO cycles, and in the third

tta2e It was 70 Ks:i for 30000 cyee-. In the fourth stage the speci-

:nens were stressed until a Lr at Ksi. For SpeC::2en r and 4,

the stress sequence was 40 Ksi for 5000 cycles, 35 KS] for 7COU cvcle.

30 Ksi for 35000 cycles, and stressed until failure occurred at 25 TK7.

Table 9 shows the data for high-low %ixed stress sequence. For

specimens I and 2, the sequence was '40 Ksi for 000 cycles, 30 Ksi

for 30000 cycles, 35 Ksi for 8000 cycles, and 25 Ksi until the speci-

failed. For specimens 3 and 4, the stress sequencing was 40 Ksi for

5000 cycles, 30 Ksi for 35000 cycles, 35 Ksi for cycles, and in

the last stage stre,'sed at 25 Ksi until failure occurred.

In both the high-low and high-low mixed stress sequences it was

observed that the fatigue life in the last stage was much higher ex-

perimentally than that obtained theoretically. For specimens 3 and 4,

in both the high-low and high-low mixed stress sequences theoretically

failure should have occurred in the third stage, whereas the specimens

failed eventually in the fourth stage.



Tab'L 10 3vs( W. o d a ta 1- 1 a-.i 41I s Lr'- s.- inyrnce in i:~ie for

speC imens o1-2 1a 25 Ksi a Ot v I i.: U'h: tne a st 5 tugL, 7' K

in zhi( scco-nO -()r 3C0000 .v'---, ,;alfr 40 V O . in the th ±ir, an.

f Inall1%, scrts-ed un tiI -- iilur, pa~ I ace a t 40 K's i. In the Crase of

the spccimns 2 and 2 , Lhe 6trOes: sequJenco j 2f Ksi for 10cycle-s,

30 Ksi for 253000 cvcles. in the s3cind sta e alnJ < si in thu third

z t a ,e. Even thoug;h the specimens %"~re not s*tressee until failure

*ccurreA, thW spucienn failed beforu re achn; 1/3 of the theoretial

lii>u A at that paricul~~r S im ilar cbservatAin was

made for specimens 'anud 3. Fer 'ste ian 1. the Iredicted life vmzs

abou t 2to 3 timcs more tmnar tha. vilue Pta

IaLale 11 shoe- s the da'ta for 1 ,h ' x t ussnoe whcre

t'a -pk2i:itzns 1-3 ac2re sulctdto a ofr - 251 Ksi for 0003, c:--le3

in the first sta- , and 35 Ksi for 6000 cycles in !he se cnd s tage.

In the third stagu the spec~mens wora sub jectJ to a stress of -:'0 iKsi

and even th:Iough the': were? not stressed until failure, the specimens

f illed. For 1ho specimens 4 and 5, the s,-ne pattern was observed where in

the fic s t a tago th,. stress was 25 Ksi for 50000 cycles anad in thei scci,:.

tge35 Ksi for I000 cycles. The SpEcimens faile-d in the third 3ta,;e

wThen subjcted to a stress of 30 Ksl. For all the sptecimens tEsted

under the low-high mixed stress sequence, the 1. soretical fatigue life

at 30 Ksi after bein.g subjected to stresses of 25 Ksi and 35 Ksi in the

previous stages was nearly twice as much as that obtained expe:-imentally.

Tables 20-23 show the cumulative fatiguo damagze using Kramer's

equation and the Miner., -quation. They als,, show- the fatigue,: life,



va lue s Ob ta iied t,io,,r i~ _4 a.. wJ Is Oex Q r 1 ictlC

retical fatigu, life vailuesc r itnlwan ta hi,-low io

stress seiucecesw cbsrd to be- Vl'c :cnevt The vle

0of t.h e fa t i ut- li 1- e I s)r -.hc ulow-nhi -Inld zn taw C, Iih:.id sr S s

sequences, rheorrjcal IV *w-c n(00, ~ti

cxpu r i.ien tl IV.

TaIble 1-1 5 hwthe hat t u r c ui::u i t ati;U '- Dr the

str-ess ratio R=O. ale12 shiows La totr xi-Wstre-s6

soquence v;I'cro 71e -os L and -' were- s 'iujjc t o ~U K s - f C, I 1t2

evce e in the ir 5  tae 3-) Ksi ror 250C02 i~~ n tcsecond

stag;e, R) Ksi for-23 cycles in the third stgand fnlyarse

utlfailura2 at L' Ksi. Specimrens 3 Land -+ weire subjecteh, tco strc -Les

of 40 Ksi for .'oJ0 cvcles, 35 lKsi for 3000 cvycles. 30 Ks' for 4000'-

cycles, ind 2.5 K-si until the spe--civiens tzailod.

For s1c~an and 2, it was observed that the xrtsna

f'atigue life at -,' K~i (final stage) was about twice the value obtained

thnooretically-. As for speci:icns 3 !Tnd 4, it wsobserved that the- ex-

perimental fatigue life at 25 Ksi was about six ti::,es hio her than e

thkeoretical v.1lue at the samu stress.

Table i13 -Iiows the data for high-low :a.ixed sitress; sequenice.

Specimens i and 2 were stressed at 40 Ksi for 20000 cy-cles, 30 Ksi 'for

50000 cycles, 35 Ksi for: 25000 cycles, anid f n ailv i 4n the last stag 25

Ksi until f'ailure occurred. For specimens 3 and -4, the stress ,,as 4G

Ksi for 25000 cycles,, 30 Ksi for 46000 cycles, 35 Ksi for 20000 cycles,

and 25 Ksi until failure occurred. For all the o:pecimcns, it was



.. "L~~~~~ ft' : z > LL.

Stc cI -In r- "Ds fi t," ;< c~ avsa~ r

U- >3 lav. -A> :veie± n r

for o0) c" f a. .. ju~ 71-.'

r- t- '2I L ., jw

1 15K n ind

:har, thaze , ' 1C P-

Tole L ii -: c it afr ir :-i \td <trma seC(qurn c r

-cim.,enc -:, . 5 4 -- 1 ---X~o

'K S si r- C5 3) Ksi .c , :;:-;i

failure tas pla3c>. - L nut 2C 1T- 51 ci> .

soeafor 1560CC cyC sos, : -5 6-sf for 30< C c<o, 6 :1.

, cas, and in the- final te.-.0 Kuu!.i . V'E-ci: unS -

The sane patturn was a rvdin ta' t:Itch ue : -A

stage as taoc.m tar the l:-ihsrs csro heepri .1

vales ere albcut on,, and one-half tS.*sh ; -han L"It.ett(o

v.alue s.

Tables 24-27? show the cumulat-ive fari--ue dwaag- usln4- Krame-r' S

equation and Miner' s equation. They also show tiio, pre-diclec and ,cY>

perimental fatigue life values. Again, the sOFmc observation was mace,



as for th. VaU ,s r n,! = L s-o.'cie Io 2 ~.ciL

f~r ih-1 and hiI-I~mxdsUs '1zc~~t ~very' cumn;,rva-

tive, wherc, as th- t~l-.OrQLIcal valiw. o v-iLadIwh 1c

stress s quenc. r ir. be'tkr rit with the experimental fatigue

life VaIL!ues.



,1HAP'L1ER V!

CO' CLUSIGo:Kz;

J; c ,S!1 z,-, I n 0 roon -. c _udJ> tsoat th,- pr,-

:11. tI Linc r un ane lo'.. i --, T.- x.:d s tr::ess sequer. n ,-

:r.nI<eI': i7.v r~ c iid itui, on~- :i r ii- compie r,~ -

i t, iu . t, xp r i::i, - v aI u~ s h Sn 1 , 1- 1' 1: C-a 1 value.- _-, 1 1 1 ,-I

L nhi h-i 0 :ad s t re s iU uce s we r v co n se rva t ive as com-

For t,~ low-hi;lh an(! :A-h~h xed stesslecsunder stress

raitio of ~d 1,, L -*'I---- f tati.Zue damage values determined ex-

p, ii-fl tall !% ra > t 1- inl tlno rin.4 at . .'Q 0. 96 From these, rc-

uit: itCan P 1 CIncUded tinaL the theoretical fati ue taiure values

'.hrci inl cbcs, rlionn x ; us o'Dtaimd txperimentally. For the

high-Low sd mih o ixe--d stress seqUunces, the experimentalVIL

wre in tuel ran;-z. I. 2. - 5 __3 rofn wh71ich it Call Ljo conrcIlded, thait the

tneeIcre tical faLL,,ic Failuro7 -ValueS Welt2 e \'er conservatLive.

The c.-xperi;2te-I l vaiuos for Lltelu-hg low-high -:;i-ed

stress sequences under the stres-s ratio 11=0 were in the range of 1.0( -

1.16. Even thouch the oxperimental values in the final stage were

higher than the theoretical values, it can be concluded that cumula-

tive fatigue damagze predicted by Kramer's equation was in Close

areent with Hie eperimental values. The experimental value for



the high- low and high- low m-,ixed stress st(uc-:c,2s weein th, ran -, ;f

2.03- 2.92 from which it can be concluded th th thoretical valu~s

were very conservative.

From the datai for hig;h- low and iii gh- low ::iixcd strt:ss cuec.

under the three -ztress ratios R=-1, R=-0. 5, ind R=G, I* can 1)c, c':-,.-

eluded that cv.ciling- at a higher stros:. iidali', and thfen rcducine ia

maximum stress applied in the subsecluent Stages incre, ases the surfact

layer stress, thereby increasing- the fatigue life-.

A further important conclusion which can be drauwi is that tht,

accuracy for prt:dicting the cun,,ularcive-, fatigue darsiaze depends on thec-

mat~rial constants P and 3. Therefore-, the accuracy of S-N curves

is very important for analyzing fatigue data using- Kramer's equation.



UICOMMENDAjCIONS

:L is recot.rn-ndcd LhaL ttjsts; lt-. coftilue to .,cnerltc ft

data on various ochir alls 1 SOf pr- Ctical USU. Abok. the ro:--r

equation for preiictin- cuciulativo r-itigue clatriaz.e ',C -nodif~e 7* o~ 3--

t,, -redic t the n: g fur hi Qi- 1 ;w lhi l- low :nixed Zt-3 sooen

Torc. realis tically.
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H-1.12 5 -4i--1. 25 -j 1.12 5

0.1605 DIA

0.750 -20 NC THREADS

-- 20 NF THREADS
BOTH ENDS

ALL DIMENSIONS IN INCHES

Fig. 2. Fatigue specimen.
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Fig. 4. Block Diagram for Electropolishing.
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ENPLINENTAL DATA FOR s-u; CURVE (R=-I)

N a:<. Stress No. of Cycles t'
No. (PsI) Failure (N)

1 42 30C 41iO

)3,00 000

4600 11400

4 32100 2050

9 30300 34700

23300 42600

7 26,300 72600

23900 31bO0

9 22100 147000

10 19100 289000

TABLE 2

EXPERIMENTAL DATA 7OR S-N CURVE (R=- )

Mlax. Stress No. of Cycles to
No. (PSI) Ffilure (N)

1 46000 6800

1 42800 12300

3 41100 15500

4 38400 25500

5 35800 28200

6 31800 5950C

7 29400 76600

8 24900 211000
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TABLE 3

EXPERIMENTAL DATA FOR S-N CURVE (R=O)

Max. Stress No. of Cycles to
No. (PSi) Failure (N)

47-0 17000

2 44300 57000

3 44300 250C

4 38300 72S0C

5 33800 101000

6 29800 270000

7 26900 340000

8 26900 640000
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TABLE .

CUMULATIVE F:ATIGUE DATA FOR LoW-HIGHI STRESS SEQUENCE (R=-I)

*'cStage 4 - 40000 PSI

Stage 1 Stage 2 Stage 3S. No.3
25000 PSI 30000 PSI 35000 PSI Theoret- Exp er -

ical M ental

1 20000 so00 4000 2397 1i0w

20000 ,000 4000 2397 2400I-

3 20000 3000 4000 2397 2200

4 2000 5000 4000 397 1 -1

5 20000 8000 4+000 1397 210

6 20000 3000 400O 2397 G40C

7 30000 10000 30o0 13735 0u

8 m 30000 10000 3000 1335 1100

9 u 30000 10000 3000 1335 l100

l) 25000 10000 5000 .70

1I L 25000 10000 5(-00 99t 13i00
12 5 250C0 10000 .000 996 1001

20000 PSI 25000 PSI 30)0 PSI 35000 PSI

13 35000 30000 15000 1690 1700

14 25000 30000 15000 i390 1500

15 35000 30000 15000 1890 16o

16 40000 2,000 16000 1373 1200

17 40000 28000 1b00 1373 1100

18 40000 28000 16000 1373 i.50

*Specimen is stress, ed till failure in thu 4th stage.
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rABLE 5

CUMULATIVE FATIGUE DATA FOR LOW-HIGH MIXED STRESS SEOUENCE 'R=-I1

S.N. Stag e 1 Stage 1 Stae 3 *tg 00 S

S. No. 50000 PSI - 400 Lr I
Theoret- Experi-

ica I mental

1 20000 4000 SN00 2689 2700

20000 4000 8000 2689 2400

20000 4000 S000 2689. 3200

20000 000 0 26c3 O 2 0C

5 0000 4000 ,U00 269 250

6 20000 4000 5000 269 2 800)

7 30000 3000 10000 1161 2 £00

S 30000 3000 10000 1161 Q0

9 30000 3000 10000 1161 12C0C

10 25000 5000 11000 462 OGG

11 -5 250C0 5000 11000 462 5Dj

12 25000 50i00 11000 462 105C.

20000 PSI 70000 PSI 25000 PSI 35000 PSI

13 35000 15000 25000 132 200

1-4 35000 15000 25000 132 "0,0

15 25000 15000 25000 131 300

16 40000 16000 20000 1551 900

1- 40000 16000 20000 1551 1300

18 40000 16000 20000 1551 o30

*Specimen is stressed till failurc in the 4th stage.
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TABLE 

CUMjULATIVE FATIGUE DATA FOR HIGH-LOW STRESS SEQUENCE (R=-I)

cStag-e 4 -25000 PSI

Stage I Stage 2 Stag(
S. No. 40000 PSI 35000 PSI 30000 PSI Thcoret- Experi-

Lcal meTtai

1 1500 40C0 b000 6923 5(100

2 1500 4000 5000 >. 3300

3 150) 4000 ,00 o023 44 -0
3 1500 4000 -00) 6923 50 0o0

1500 '000
6 1500 4000 S000 9" 5'000

15 On5; -+000 000o") ' ;, GO0

;*S ta,' ",':S rage 4
Theor( t- Fxp(Jri- 1500 PSI

ical mntal

j 2500 oOO0 3720 15000 27000
-4 31 i 500

. 2500 6000 120,. 15000 O0

2 u 2500 600C 3720 1500() 25 300

10 1 000 5000 4Q '( 20000 2 100

11 3000 5000 i 402' 20000 J0

12 3000 5000 404-6 200G0 192'

35000 PSI 30000 PSI 25000 Psi 20u20 PC;!

5000 12000 4721 C:50( 30;7O

14 5000 12000 4 21 7000 5 C200

15 5000 12000 4 721 2)00 46000

16 4000 i5000 4996 30000 22500

17 4000 15000 4996 30000 13000

1S 4000 15000 499o 30000 37900
T

*Specimen is stressed till. failure in 4th stage.

**Theoretically failure should have ,ccurred in the 3rd sLage.
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TABLE 7

CUMULATIVE FATIGUE DATA FOR HIGH-LOW MIXED STRESS SEQUENCE (R=-I)

*Stage 4 - 25000 PSI

S. No Stage I Stage 2 State 3

40000 PSi 30000 PSI 35000 PSI Theoret- Experi-
ical ;rn t Al

1 1500 3000 4000 10959 7360C

2 1500 8000 4000 10959 71200

3 1500 8000 4000 10959 80000

4 1500 o00 4000 1u959 68000

5 1500 000 ,00 10959 72000

6 1500 ."00Q f Ouo 10950 6b900

"Staa 3- 35000 PSI Stage 4

Theoret- Experi- 25000 PSI
ical mental

7 1 3500 9000 510 5000 53600
350 900o

3 .500 90C0 516 5000 47400

9 3500 9000 516 5000 55900

10 >, 3000 i000 381 7000 45200

11 3000 11000 381 7000 38500

12 3000 11000 381 7000 41100

35000 PSI 25116 PSI 30090 PSI 20142 PSI

13 5000 15000 8680 30000 29000

14 5000 15000 8680 30000 34100

15 5000 15000 8680 30000 37300

16 4000 18000 19417 35000 22900

17. 4000 13000 19417 35000 26000

18 4000 18000 19417 35000 23400

*Specimen is stressed till failure in 4th stage.
-'-'-Theoretically failure should have occurred in the third stage.



TABLE B

CUMULATIVE FATIGUE DATA FOR HIGH-LOW SFRESS SEyUENCE (R=-0.5)

*Stage 4 - 25000 PSI

S. No. Stage I Stage 2 Stage 3
40000 PSI 35000 PSI 30000 PSI Theret- Experi-

ical mental

4000 3000 11000 ,50 57C(

' O .

40 (JS0 r' 0 5

Theoret- Experi- 25000 PSI

ical nentaL

- 5000 7000 j01740 5000 370(

4 5000 7000 j i740 '5000 010C

TALLE 9

CUMULATIVE FA'ITL;E DATA FOR HIGH-LOW (:!IXED) STRESS SEQUENCE (R=-).-,)

*Stage 4 - 250C CSI
S.N. Stage I Stage 2 Stage

40000 PSI 30000 PST 35060 PSI Thooret- Experi-

ical m ental

40)0 30000 8000 16695 400

2 4000 30000 6000 l ooa 5 GC

-o **Stage 3 - 35000 PSI

5 a4 ci 4

Trheoret- Experi- 25000 PSI
ical :ncntaI

3 -J 5000 35000 3530 700 45n0
U

4 U 5000 35000 3530 7000 61600

*Specimen is stressed til failure in the 4th stage.

*'fheoreticaly failure should have occurred in thL 3rd stage.

i l . ..- '. a@ '
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TABLE 1o

CUMULATIVE FATIGUE DATA FOR LOW-HIGH STRESS SEKUENCE (R=-0.5)

*Stage 4 - 400CC PSI

Stage I Stage 2 Staue 3
25000 PSI 30000 PSI 35000 PSI TheorLt- Experi-

ical meUn ta!I

1 60000 30000 3000 6104 2300

:*Stag~ 3 - 35000 PSI

Thcore t- Experi-

2 - 0000 0O)) 30000223' -70

o 60000 30000 2 2)2

4 50000 35,00 22916 10C

5 50000 35000 22913 -700

TABLZ 7i

CUMULATIVE FATIGUE DATA FOR LOW-IHIGH (>:.D) STREiS :S UE";CE (R=-0.

**StaS e 3 - 300C0 PSI

25000 PSi 3-5000 PSI 'heorcLical Experiental

1 ()C000 -000 43b44 §-000
. -

3 e 00 3000 4 2 2 C0

4 50000 9000 33'5

5 j 50000 qO000 -+

*Specimen is stressed till failure in 4th sta 4c.
*,'Specimen is not stressed till failure in this stas, ,ven hou,-h

failure took place.
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TABLE L 2

CUMULATIVE FAPIGUE DATA FOR HIGH-LOW STRESS SEQUENCE (R=O)

St I S t*Stage- 4 - 25000 PSI
.No. Sta'ic 1 Staze+ 2 , -

(0')00 PSI 350U0 PSI io00c rSI Theoret- Ex.p eri-

ical mental

0 C 15000 5JOotC 1.--4610 3 3C0

2 , 000 25002 0 14-0 4- 39}O

",7 ,. 159300

. -0 0 , .3 10

TABLE I

CUVTI-\TIVE FATIGUE DATA FOR HiGH-LOW MIXED STRESS SEQUENCE (R=O)

*Stage - 25000 PSI
No. Stage L S tage 2 Stae 3

-+0000 iPSI 30000 PSI 35000 PSI Theoret- Experi-

ical mental

1 20000 50000 25000 I 4l564 306 300

2 n 20000 50000 25000 425 6,. 25-4(3C 0

3 2 25000 40000 20000 2-+777 291100

4 >" 25000 40000 20000 24777 2100

*Specimen is stressed till failure in the 4th stage.

- ' ....---------------------------------------------- -------" [



TABLE L-i

2UMULATIVE FATIGUE DATA FOR LOW-IGCH RESS SEQUENCE R=L.)

- -ta~ -4 400GO 1

No. Sta4c1 i 3t000 *40
25000 00 p I c t - E:.:pr-

1I 150iCo 40000 CO ;C0 1 3ib, S 52CC

2 150000 40000 2C. 1 i7c0,

3 0 0000 4-00O 150 C __ C,)JQ

200000 -,5000 1000 S512

rABLE 15

CUMULATIVE FATIGUE DAPA FOR LOW-HIGH MIXED STRESS SEQUENCE (R=O)

*Stag: 4 - 40000 PSI

No . S Ig- S t ag~ t Stage 3
25000 PSI 35000 PSI 30000 PSI Theoret- Experi-

icaL menti L

I 200000 25000 45000 2531 78000

2 -1 00000 25000 ,000 -'9 5 10()

3 j 150000 30000 40000 31021 o7%O0

4 150000 30000 40000 11021 59500

*Specimnen is stressed till failure in the 4th ,tace



CUMULATiIE FAT2GUE iD3AL\GE FOR LOW-131011 STIRSS SEyUENCF (R=-!)

L rD 7,LzS. No. F F .
Miner The>rc t ci Experimc r t.

1 0. 81 L .011 30

2 O.,)Q4  1. 1S 34397

3 0.9. - 3-439, 3. 200 C.'

-, 0. 11 1 .1 0 3-f5. 0 0

9 0.0 1 13 1 3 35 -100 C qj

0i Q 1.0> "5- 0-;),,,4, 1. -433 ICC 33C. 95

1.01. 1! .184 44332 -.520 1.004O

L0 0. ,',1 1. 1-+ 5 -4 .),6 "1 7030 0.0

11 1.020 i. 208 -0% -1200 1. 5

12 1. 00 1.183 -+',% 40 o 1cL. J" ,

1 1.00( 1.267 0 6170 D

c 0.997 . 13 81890 1500

15 1.011 1.274 81890 81800 0.9 "

10 1.00- 1.263 5373 352U O. C,9S

1.004 1.257 373 q85100 0 7

1 0. 992 1. 239 '"3 5 0 4

D =CuIMUlativc fati-ue damage + f + 1 + f,

NI = Total nur, er cf cycles at failure.
F

NF (Theoretical) = Total number of cycles at failure usin, iirancl'
equation (Equation 2).



11ABLE"

•~C R I,

-~1 
N.Q 

.
71.**-

K -% ,r >! n - .f.o :,"c,, .r r iunt a!

d.< " <  1.i ,' 3 o 9 5 00 .i. ,z

*. *!. ' -.. 3-.-70 L.

I ., 0 , L i 9 ib ,r (.
.i. 0 i 1. i46 42C50 .. ' 1

10 .. : '00 1 0 -1l 0 5 ' " 6i. 00

L!1.021 1. 1,23 513 2 -o 0OLi. O )

15 L .045 1.0 , 2- I I 4 16 - 5 0 uI. cc, 2

7- 5 b91

1.057 -7,132 7 -3 CC

!4 f.0l I 124"12 -10 1.10.

1 5 1.002 1. 196 -7-2(0 5 i.0

0 .38'5 1. if+ 7-551 7o900 0. '2

1- 1.003 1. 151 v-57 773C C. <

13 1.01 1.175 "-55i 7'50 1.uA9!

D., = Cumulative- fatigue dama c = -- I + f  + f'

NF (Theoreticaii = Total number of ycles at failure usinz Kramer'

equation (Equation 2).
N F = Total number of cycles at ftilure.



-.9

[ABLE 1%

CUMUL TIVE FATIGUE DAMAGE FOR iiGH-LOW STRESS SEQUENCE (R=-I)

S. No. DF DF 'F rF )

Kramer Miner Thccrc tic il Experiental F

i 1.')00 1.501 042 11 3600 114
2 3 , L. 1252 20.423 47200

3 1. -2') 1.411 204,>3 57700 2. 5

2.0t- 1.5- 0421 68400 . -

5 .003 1. 529 2042 3 ,5500 3. 207
I I 1. -,5 ' 404 t0500 2 .1) 6

-2. t . bD5+ 122CO 50500 4.1

2. D25 1.621 1 2200 48300 3.) 52

2.646 1.629 12200 48800 '. 4

1 2. 1. 17 120t) 48100 4.000

2.) 1.679 1 ) ) 2 45600 3.792

12 2.31-1 1.703 L202o 47200 3. 925

13 2.7 1i 1.3c0O 2i-21 51700 ).3-61

14 2. 370 1.430 221 94200 4. A7

15 2.21 1.395 21721 S8000 4.051

16 2. 429 i. 49 23996 77500 3.230

2.45 1.428 -3996 80000 3. 33-4

is 2.647 1. 4o2 23996 -36900 3.621

DF = Cumulative fatigue damage f + f ) + f3 + f4"

NF = Total number of cycles at failure.

NF (Theoretical) = Total number of cycles at failure using Kramer's
equation (Equation 2).



TABLE 1 '

CUMULATIVE FAFIGUE DA.LXS;E FOR iiClH-LoW >IIXED SIRESS SS9EQ',CE [R=--

S. No. D I' F (F N

Kr.er MineU r i.:;y:ri:::ita F

b 2.1 -4.85 L,5

4. , 1 7 7 1 700 3 -'

_.4-', 1.954 2447, 1Q 5 .27

4,']{v . . 50U .332,

5 ,.231 1. 33 445 C55OO . -5

6 2. 17- 1. 75" 24459 S400 3.-3,

7 2.5b6 . 39' 130 1 b0500 5.41

2.431 1.:313 13016 0 L6'4O 1.6
9 2. 636 1.942 13016 73400 5. (39

10 2.632 1. !2 1-1 6200 00 3

11 2.449 1. 21 14381 50500 4.137

12 2.520 1. :0 143l 62100 4.3>

13 2.447 1. 771 2> 0 79000 2. 55

14 2.5'6 1.79) ) -6:: 0 410 _. _

13 2~T.3 u. 1. "1 280 87300 3.044

16 2.54 1. S7 32417 79900 2.4e5

17 2. a6.1 1.904 32417 1 3000 2.360

13 2. 56.3 1.S90 32417 50400 . -4 0

DF = Cumulative fatigue damage = f + f2 + f3 + f4.

NF = Total number of cycles at failure.

NF (Theoretical) = Total number of cycles it failure using Kramer' s
equation (Equation 2).



TABL'Z '0

CUMULATIVE FATIGUE DA.!AGE FOR _iI(Gi-1,0W STRES : £FQUENCE (=-0.)

S. No. DF DF N NFF

Kramer Min<tr oh. C k 21 E: 1 F ,: ri2ti Lai r (TL

1 1.40. 1.0u3 -510 0 .5

- 1.132 0.1905 43950 t),000 1. 34 :

3 1. 370 1.050 7 4800 6.L3't

4 1. 1. 1.157 §40 107100

TABLE 21

CUMULATIVE FATIGUE DAIAGE FOR HIGH-LOW MIXED STRESS SEQUENCE (R=-C.5)

DDNN- N P(Lxp.)
S. No. DF DF NF r N(1"P

Kramer Miner Theoretical Experimental F

1 1.404 1.182 58605 12690 2.162

2 1.424 1.236 58695 13020 2.213

3 1.311 1.072 43530 38500 2.033

4 .426 1.164 43530 106600 2.495



2-12

CUMULATIVE FA!IU DA!.IAC-E FI'O Li (i TRESS !,E:E(~~

S. .4 . F

1 0 1~)W' . 100

3 0 G.-C. 73 112 2090

C.0. JA 10 1) - 0.0 1

TABLE .23

CUNCLATIVE FAII0[16JE DAMGE FOR LOW-IHIGH MIXED STRESSSEUNL(h-.)

S.N.DFNF F F

K r am e r Mincr Thu-rci.c.il Experimciltal F

I () 17 0 ._30 6 11664 95000) j. 1

-- 0. 499 0, 581 1 1t,044 75500 1.

2 O~bi l 0.752 116'4 ')034(0o-

0.811- .o 10733 5 9 2-.70 0 06~

5 0. 74,S 0, 502 107 i'370 (. 1
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fABLE 24

CUMULATIVE FATIGUE DAMAGE FOR HIGH-LOW STRESS SEQUENCE (R=O)

S. No. DF DF NF NF F

Kramer Miner Theorktical Experimental NF(Theo.

1 1.444 1.186 231610 470200 2.030

2. 1.471 1.206 231.610 484900 2.094

3 1.245 1.031 117893 249300 2.115

4 1.339 1.096 117393 297000 2.519

TAB1LE 25

CUMULATIVE FATIGUE DAIMAGE FOR HICGi-LOW MIXED STRESS SEQUENCE (R=O)

S. No. DF DF NF NF NF(EXp")
Kramcr Mii.cr TH.:oretical Experimental N FThco )

1 1.487 1.2 1 1, 756 401300 2.917

2 1.445 1.200 137564 379000 2.755

3 1.495 1.1s8 109777 376100 3.426

4 1.492 1.169 oI0777 361100 3.289



fABLE 26

CUMULATIVE FATIGUE DAMAGE FOR LOW-HIGH STRESS SEQUENCE (R=O)

D DF N NF (Exp,)
S. No. F F NF F NF(Ehp )

Kranir Min ,r Th,.oretical Exper mental NF(Theo"

1 1.333 1.506 21iS48 262300 1. 0 4

2 1.486 1.681 2418548 271.700 1.123

1.354 1. 3 2b3812 309900 1. C

S.-2B6 1.407 238812 105qO0 1.0-5)

TABLE 27

CUMULATIVE FATIGUE DAMAGE FOR LOW-HIGH MIXED STRESS SEQUENCE (R=O)

S. No. DF DF NF F

Kramer Miner Theoretical Experimental F

1 1.686 2.114 299531 348000 1.162

2 1.532 1.912 299531 337100 1.125

3 1.536 1.887 251020 287900 1.14-7

4 1.559 1.916 251020 289500 1.153



APPENIUX C

NOMENCLAZ UIRE

D._ = Cumulative fatigue damage

DF Kramer)= Cumulative fatigue damage tin -:arer' .. :u:tion

(Equation 2)

DF (Miner) = Cumulative fatigue damage using Miner's eqution

f E. = Fatigue damage prehistories

m = Slope of the S-N curv,! which is in the form

log Y = m. log X + log C

N N .. = Number of cycles applied at each stress

NF (Theo) = Total number or cycles at failure, obtained theo-

retically using Kramer's equation (Equation 2)

NF (Exp.) = Total number of cycles to failure obtained experi-

mentally

1p =Material constant = - -

R = Stress ratio = Minimum Stress
Maximum Stress

Maximum Stress + Minimum Stress:mean =Mean Stress 2
2

" = Maximum stress applied at each stage of testing

= Critical surface layer stress

a= Material constant

= Material constant = (log 1c)P
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APPENDIX D

KRAMER'S WORK

I. R. Kramer conducted experiments on 2014-Tb aluminum alloy _.nd

showed that while materials are subjected to fatigue cycles, the work

hardening of surface layer takes place and consequently the pro-

portional limit for the material is increased with increased number

of cycles. He defined this increase in proportional limit as the sur-

face layer strength ( s). He further stated that when this surface

layer stress reached a critical value (0 s) the failure producing crack

propagated. He showed that 0 is independent of the stress magnitude.
s

He also measure the ratio of N INF to determine whether it varied

with stress amplitude, as shown in Figure 8. He found that over the

stress range employed, this ratio was independent of the stress ampli-

tude.

N = Number of cycles to initiate the propagating crack
o

NF  = Number of cycles to failure

N0

N 0 = A constant = 0.7 for aluminum

F

S = Slope = dS /dN
5

o = SN or
S

G = SN
S 0

D = s- -- Fatigue damage to initiate a propagating crack,

and the crack will be initiated when ccsi/a * = I,
N.

or 1 =

N0



The incremental race of change of .urface stretzss - a the first

stress level is -iven by S = P. After N cyc,:.s, the :axinu:.

stress is increased to u2 and the incremental raCe of change of sur-

face stress at this second Level will. be modified as

SI, = (7 ) -" I

S!I =t 5.) P"''

SS (f') 
P

Similarly, at the third level, S J 3

Substituting for S l gives 1 : 2 Pr -, P P

Pf f2 Pf,

1- P

12and so on. Failure occurs when NS 1 + LNS, (Sl/S)'l + . =

where the subscripts denote the consecutive changes in the alternating

stress amplitude. From the relation between d0 s /dN and a he had shown

that S = acP . So, substituting S = coP in the above equation, he ob-

tained

1 Pf." P4 f
P 0P ( ) + I P P 2~ 1

NI + 0 N +

Dividing throughout by 3 he obtained

N Pf Pf 2  Pf 2 fI

+ 0-i( ) ( Gt)

3. 2

LL- 1
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APPENDIX E

SPECIMEN PREPARATION

i. 2he specimen is to be machined as per the specifications in the

drawing.

2. The tool marks on the surface where the polishing is to be done

should be cleaned using the finest grade of silicon carbide sand-

paper.

3. The specimen should be heat-treated and tempered back to the pre-

machining metalurgical conditions of the metal used (2011-T3).

4. The surface to be polished should be washed with methanol and

dried.

5. The specimen should be examined using a microscope for circum-

ferential scratches or tool marks on the surface to be polished.

If any scratches are found they should be removed.

6. Attach the specimen to the shaft of the stirrer.

7. The electrolyte should be prepared by using 597 methanol, 35'

butyl cellosolve, and 6% perchloric acid.

8. The electrolyte temperature should be kept at 150 C.

9. Adjust the speed of the magnetic stirrer at 4.5.

10. Start the motor holding the specimen and the magnetic stirrer.

Care should be taken to see that the specimen rotates in the

direction opposite to that of the magnetic stirrer.

11. Immerse the specimen in the electrolyte, by raising the platform.

until the surface which is to be polished is completely immersed.

Allow the specimen to cool in the electrolyte for 20 seconds.

12. Set the voltage at 15-20 volts (1.2 - 1.5 amps) and adjust the

timer for 2 minutes. Turn on the power to start the polishing.

13. At the end of 2 minutes, turn off the power and lower the plat-

form. Stop the motor and remove the specimen.

14. Rinse the specimen with hot water and methanol and dry it in the

air dryer.

EmmaJ
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under various stress sequences.
Specimen profiler, heat treati;c,nt furnace and electro-

polishing apparatus were purchased amd/or developed for speci-
mIen preparation.

Experimental data were generated using 2011-T3 aluiiinui;
alloy specimens under stress ratios R=-], R=-0.5, and R=O, for
low-high, low-high mixed, and high-low miixed stress sequences.

Analysis of the data has indicated that the predicted
cumulative fatigue damage and fatigue life are in close agree-
went for low-high and low-high mixed stress sequences _ruder all
stress ratios as compared with those obtained experimentally,
whereas the theoretical values for high-low and high-low mixed
stress sequences under all stress ratios were more conservative
than those obtained experimentally.
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